We have considered the antikaon condensation in a neutron star in the presence of strong magnetic fields by using the modified quark-meson coupling (MQMC) model. The structure of the neutron star is investigated with various magnetic fields and different kaon optical potentials, and the effects of the magnetic fields for kaon condensation is discussed. When employing strong magnetic fields inside a neutron star with hyperons and kaon condensation, the magnetic fields can cause the equation of state to be stiff; thus, a large maximum mass of the neutron star can be obtained.
I. INTRODUCTION
Recently, a two-solar mass neutron star, ∼ 1.97M ⊙ , was reported in Ref. [1] , and some other observations [2] suggest the possible existence of massive neutron stars. On the other hand, exotic phases, such as the existence of hyperons, meson condensation and quark matter, can make the equation of state (EOS) of compact stars soft, giving rise to lower masses of the star of about (1.5 − 1.7) M ⊙ although the details may depend on the models and parameters. Thus, the recent observation in Ref. [1] may rule out the existence of exotic phases or place a limit on the critical densities at which exotic phases appear.
However, previous theoretical studies [3] [4] [5] [6] [7] suggest the possibility that massive neutron stars with exotic phases may exist if we take into account strong magnetic fields. For example, in Ref. [7] , the effect of strong magnetic fields on a neutron star was investigated by using quantum hadrodynamics (QHD) with hyperons included. As an extension of Ref. [7] , we further investigate the effect of strong magnetic fields on neutron stars with hyperons and kaon condensation included by using the modified quark-meson coupling (MQMC) model.
The quark-meson coupling (QMC) model was first proposed in Ref. [8] , and was later modified, for instance, in Ref. [9] to recover relativistic phenomena by introducing a densitydependent bag constant; hence, the model is called the modified quark-meson coupling (MQMC) model. Both the QMC and the MQMC models have been applied to various cases, such as a nucleon [10] , finite nuclei [11] , nuclear matter [9] , and neutron stars [12] .
(See Ref. [13] for a review.) In the QMC and the MQMC models, a nucleon is treated as a MIT bag in which quarks interact with each other by exchanging σ, ω and ρ mesons. Thus, by using the MQMC model, neutron star matter can be described in terms of the quark degrees of freedom. In this work, we use the MQMC model and calculate the structure of a neutron star by including hyperons and kaon condensation. In particular, we investigate the possibility of exotic phases by taking into account strong magnetic fields.
II. THEORY
The Lagrangian density of the QMC and the MQMC models for dense matter in the presence of strong magnetic fields, which can be incorporated by introducing the vector potential A µ , can be written in terms of octet baryons, leptons, and five meson fields as follows:
where b and l denote the octet baryons (p, n, Λ, Σ is the strength of AMM of a baryon; i.e., κ p = 1.79µ N for a proton and κ n = −1.91µ N for a neutron, µ N being the nuclear magneton. In the MQMC model, the effective mass of a baryon b is obtained by using the MIT bag model:
Here, the bag constant B b (σ, σ * ) has the following density dependence:
where M b is the mass of a baryon in vacuum and n q is the number of quarks. The bag constant in vacuum B b0 and a phenomenological constant Z b are fitted to reproduce the mass of a free baryon at a bag radius, R b = 0.6 fm, and their values are taken from Ref. [12] . The energy of a quark Ω q is given in terms of the momentum of a quark in a bag x q , the bag radius R b , and the effective mass of a quark m *
The value of x q is determined by the boundary condition on the bag surface, j 0 (x q ) = β q j 1 (x q ).
The Lagrangian for kaons, which are treated as point particles, can be given by
where the covariant derivative D µ is given by
and the effective mass of a kaon can be given by
The equations for the meson fields are given by
where ρ s and ρ v are, respectively, the scalar and the vector densities, and the details are given in Ref. [6] . The C b (σ) and the C b (σ * ) are determined from the relations
The energy spectra of K − is given by
and the chemical potential for the s-wave kaon (n = k z = 0) is
The production of kaons takes place when the chemical equilibrium condition µ n − µ p = µ K is met. The energy density of kaon condensation is given by
while the condensed kaons do not contribute to the pressure because they are in s-wave states.
The Dirac equations for octet baryons and leptons in the mean field approximation are given by
where A µ = (0, 0, xB, 0) refers to the constant magnetic field B assumed to be along the z-axis. The energy spectra of baryons and leptons are given by
where E 
where E b f is the Fermi energy of a baryon b and k f is the Fermi momentum of a lepton l. For charged particles, E b f is written as
where k b f is the Fermi momentum of the baryon b. Since the Landau quantization does not appear for neutral baryons, the Fermi energy is simply given by
We impose the usual three constraints for neutron star matter: baryon number conservation, charge neutrality, and chemical equilibrium. The equations for the meson fields in Eq.
(7) are solved together with the chemical potentials of baryons and leptons under the above three constraints. The total energy density is given by ε tot = ε m + ε f , where the energy density for matter fields is given by and the energy density due to the magnetic field is given by ε f = B 2 /2. The total pressure can also be written as
where the pressure due to matter fields is obtained by using P m = i µ i ρ i v − ε m . The relation between the mass and the radius for a static and spherically-symmetric neutron star is generated by solving the Tolman-Oppenheimer-Volkoff (TOV) equations with the equation of state (EOS) given above.
III. RESULTS
We use the parameter set in Ref. [12] for the coupling constants between quarks and σ, ω and ρ meson fields and for the couplings between kaons and meson fields. For the coupling constants of hyperons in nuclear medium, g ωY and g φY are determined by using the quark counting rule and SU(6) symmetry [12] . g Refs. [5] and [7] :
where B surf is the magnetic field at the surface of a neutron star, which is taken as 10 15 G for this work, and B 0 represents the magnetic field saturated at high densities.
In the present work, we use the values β = 0.02 and γ = 3 in Eq. (20) [7] . Since the magnetic field is usually written in a unit of the critical field for the electron, B Fig. 4 . In the case of U K = −120 MeV, the relations look similar to those of the hyperonic matter obtained in Ref. [7] because the contribution from kaon condensation is relatively small. For U K = −140 MeV, the maximum masses are less than those from U K = −120 MeV because of the effect of kaon condensation. As a result, even with hyperons and kaon condensation, strong magnetic fields (B ∼ 2 × 10 18 G)
can make the mass as large as ∼ 2M ⊙ .
IV. SUMMARY
We have investigated the behavior of kaon condensation for various magnetic field strengths with large optical potentials of a kaon. By considering strong magnetic fields inside a neutron star, a large mass ∼ 2M ⊙ can be obtained even with hyperons and kaon condensation although the results depend on the kaon optical potential. In our model, if the kaon optical potential is smaller than U K = −120 MeV, the contribution from the kaon condensation is hardly seen. Such a deep kaonic optical potential U K ∼ −120 MeV at saturation density was predicted in Ref. [14] . In the case of U K = −140 MeV, the EOS shows a first-order phase transition. We, thus, use the Maxwell condition to treat the first-order phase transition and to calculate the mass and radius relations of the neutron star from the TOV equations. We find that B ∼ 2 × 10 18 G is needed to explain 2M ⊙ , though we do not mean that the strong magnetic field we considered in this work can explain the mass of PSR J1614-2230 of Ref. [1] . The massive neutron star observed in Ref. [1] is in a neutron star-white dwarf binary system and is unlikely to have a strong magnetic field. The mag-netic field on the surface of PSR J1614-2230 is estimated to be 1.8 × 10 8 G [1] , though the magnetic field inside the star may be larger.
Recently, strong magnetic fields, B ∼ 10 17 G, in a proto-neutron star were introduced to explain the pulsar kick in Ref. [15] . 
